cell axons to enter the optic stalk (Rangarajan et al., 1999) . These observations suggest that the precise coordination of glial cell development in the optic stalk and R cell differentiation in the eye disc is important for normal visual system development.
In the course of a genetic screen for axon guidance mutants, we identified a loss-of-function mutation that temporally uncoupled glial cell migration from R cell differentiation. As we show here, mutations in the gilgamesh (gish) locus lead to precocious glial cell migration from the optic stalk into the eye disc prior to R cell differentiation. As a result, glial cells are misplaced anteriorly in the eye disc as R cell axons extend. R cell axons frequently project along pathways demarcated by these ectopic glial cells, providing strong evidence that the positioning of glial cells plays an instructive role in regulating the directionality of R cell axon outgrowth in the eye disc. The gish locus encodes a casein kinase I␥ isoform and acts in conjunction with the eye specification genes, eyeless (ey) and sine oculis (so), to prevent precocious entry of glial cells into the eye disc. We also demonstrate that loss-of-function hh mutants exhibit precocious glial cell migration and targeted expression of Hh in the posterior region of the eye disc suppresses the ectopic glial cell migration phenotype in gish mutants.
Results

gilgamesh Affects Glial Cell Migration and the Directionality of R Cell Axon Outgrowth in the Developing Eye Disc
In a screen of 500 P element recessive lethal mutations that survive at least through third instar, we identified one mutation, called gilgamesh tants, a few rows of R cells have developed and Repopositive glial cells have migrated far into the anterior region of the eye disc ( Figure 2B) . Surprisingly, Repopositive glial cells were found in gish mutant eye disc even prior to R cell differentiation ( Figure 2C ), whereas in wild-type, glial cells are found exclusively within the optic stalk prior to R cell differentiation ( Figure 2A ). As the number of glial cells in gish and wild-type were similar at this stage of development (data not shown), the abnormal distribution is likely to reflect defects in glial cell migration. Glial cells migrate out of the optic stalk and continue to migrate anteriorly as a cohort of cells. The preferential localization of ectopic glial cells to the dorsoventral midline in third instar discs is presumably a consequence of the early migration defect of these cells coupled with the later expansion of the dorsal and ventral epithelial cells in the eye disc by cell division. The penetrance of the early glial cell phenotype is 100%, with the number of glial cells migrating in the disc varying from 5 to more than 20 (n ϭ 30). These data indicate that gish is required to prevent precocious glial cell migration during early eye development ( Figure 2D ). Prior to R cell axon outgrowth, the SG cells comprise the majority of glial cells in the optic stalk. These cells form a sharp boundary between the optic stalk and the anteriorly across the MF along the basal surface of the eye disc ( Figure 3C ). As the first R cell axons project eye disc. In most cases (about 80%; n ϭ 50), they migrate toward the basal surface of the eye disc, they contact close to the dorsoventral midline (see below) (Figure the surface of SG cells, turn posteriorly, and grow along 1D). In all cases in which R cell axons projected anterithem into the optic stalk ( Figure 3D) . The WG cells then orly, they did so between ectopic glial cells and the send processes along the surface of the extending R basal surface of the eye disc ( Figure 1J , n ϭ 45; also cell axons (data not shown). In gish mutants, even in see Figure 3F ). While only 15% of late third instar eye the absence of R cell axons, SG cells migrate precodiscs showed ectopic R cell projections, ectopic glial ciously into the anterior region of the disc ( Figure 3E ). cells anterior to the MF were observed in all eye discs As the first outgrowing R cell axons contact them, they (n Ͼ 200). The number of glial cells in gish mutant eye frequently turn anteriorly and extend along the surface discs was similar to wild-type (data not shown). While of these cells (n ϭ 40; Figure 3F ). In early third instar, the most ectopic glial cells were found basally, a small fracanteriorly directed axon guidance phenotype exhibits a tion migrated along Bolwig's nerve on the apical surface penetrance of about 50%, which is much higher than the of the disc (see below, Figure 6B) . penetrance observed at the end of larval development In summary, these observations suggest that abnor-‫;%51ف(‬ see above). Presumably many of the early mismal glial cell migration is the primary defect in gish routed axons are not visible in late third instar discs mutants and that R cell axons follow ectopic glial cells because they are obscured by the axons of late differin an anterior direction. As described below, glial cell entiating axons or they may later turn and extend postemigration defects are seen prior to third instar. 3H ). In about 20% of these animals, SG cells do not enter the eye disc and R cell axons fail to enter the optic stalk, forming a mass of R cell axons in the basal region of the disc ( Figure 3G ). In the remaining larvae, fewer SG cells were found in the eye disc. In these discs, R cell axons project into the optic stalk, but are highly disorganized ( Figure 3H ). In contrast, inhibiting WG cell differentiation by targeted expression of UAS-ttk69 using a WG-specific driver did not disrupt R cell projections into the stalk (data not shown). This is consistent with the later appearance of WG cells in the eye disc and that the processes of these cells follow the R cell axons into the stalk. In summary, the location of the SG cells determines the directionality of R cell axon outgrowth. In gish mutants, SG cells migrate into anterior regions of the eye disc, thereby promoting anterior outgrowth of R cell axons. In wild-type, SG cells are located only in the posterior region and, hence, account for the initial polarity of axon outgrowth along the anteroposterior axis of the disc epithelium.
gish Encodes a Casein Kinase I␥ (CKI␥)
To clone gish, as well as to isolate additional alleles for phenotypic analysis, a "local hopping" P element strategy was utilized (Tower et al., 1993; Zhang and Spradling, 1993; see Experimental Procedures). This led to the identification of two P element insertions, gish
P144
and gish P232 ( Figure 4A ). These gish alleles showed a spectrum of cell migration and guidance defects similar to that seen in gish 1 (data not shown). Precise excision of the P element in gish P232 reverted the mutant phenotype. to two separate transcripts, CKI␥b and CKI␥c, differing cDNA transgene experiments were undertaken to assess whether expression of gish in the eye disc epitheby a single 3Ј exon ( Figure 4A ).
Based on the insertion sites of the P elements in lium was not only necessary, but sufficient to prevent premature glial cell migration in gish mutants. A fullgish P144 and gish P232 and the location of the insertion in gish 1 , it is likely that the CK1␥a transcription unit, but length gish cDNA (CK1␥a) under UAS control was specifically expressed at the posterior edge of the eye disc not CK1␥b and CK1␥c, is disrupted in these alleles. Two additional lines of evidence support this view. A CK1␥a-and along its lateral edges using the Dpp-Gal4 driver. This rescued the migration defect in about 70% of the specific probe reveals a marked reduction in CK1␥ mRNA isolated from adult gish mutants on Northern second instar gish mutant eye discs analyzed (n ϭ 25), and few ectopic glial cells anterior to the MF were obblots ( Figure 4B) , and a cDNA transgene corresponding to CK1␥a rescues the mutant phenotype (see below) served in third instar discs ( Figure 5C ). Conversely, targeted expression of gish in glial cells using different glial whereas the phenotype was not rescued by CK1␥b cDNA (data not shown).
Gal4 driver lines did not rescue the migration phenotype (data not shown). That gish acts prior to R cell differentiaCasein kinase I␥ is a member of a conserved family of serine/threonine kinases. The fly protein shares extion within the eye disc epithelium is further supported by the failure of GMR-Gal4 (which drives expression tensive sequence identity to rat CKI␥3, with an overall identity of 68%. The identity within the kinase domain in all cells posterior to the MF) to rescue the mutant phenotype (data not shown). is 78%. The more variable C-terminal domain of the predicted Gish protein contains a putative prenylation Together, these data support a model in which Gish participates in a signaling pathway, within the posterior signal that has been shown to confer membrane localization (Wang et al., 1992) . region of the eye disc, which prevents precocious migra- of Glial Cell Migration A set of genes encoding nuclear proteins (e.g., eyeless eye discs (n Ͼ 50) was largely indistinguishable from the phenotype in gish homozygous larvae ( Figure 5A) .
(ey), eyes absent (eya), sine oculis (so)) and secreted factors (e.g., hedgehog (hh)) regulates the initiation of Similarly, in ey-Flp-induced mosaics in second instar larvae, glial cell migration defects were observed prior neuronal differentiation in the posterior region of the eye disc. The effect of loss-of-function mutations in these to R cell differentiation ( Figure 5B ). These data argue that gish is required in the eye disc epithelium, at or genes on glial cell migration was tested ( Figure 6 ). As in gish mutants, glial cells migrated precociously out of before late second instar, to control glial cell migration. (Figures 6K-6L) , as well as so 1 and gish 1 (data genes encoding a Hh receptor component and a downnot shown), reveal strong synergistic effects in R cell stream transcription factor, respectively. Mosaic clones development. The glial cell migration phenotypes in douof smo mutant glial cells did not migrate prematurely at ble mutants were similar in severity to the single musecond instar and were found exclusively posterior to tants. In summary, these data argue that gish acts in the MF (Figures 7G and 7H) . Similarly, targeted expresconjunction with eye specification genes to coordinate sion of a dominant-negative version of Ci in glial cells neuronal development and glial cell migration in the eye did not alter early migratory behavior of eye disc glial disc.
cells (data not shown). These findings argue that Hh acts either indirectly to control glial cell migration or Hh Signaling Is Required in the Eye Disc to Regulate acts directly upon glial cells through a novel pathway the Onset of Glial Cell Migration
independent of ptc, smo, and Ci. As Hh is expressed in the right place and time to function as the glial cell repellent, and as glial cells migrate precoDiscussion ciously in hh mutants, we set out to assess whether Hh directly regulates glial cell migration (Figure 7) . In
In this paper, we demonstrate that the timing of glial cell migration plays an essential role in regulating axon support of this view, targeted expression of Hh at the guidance in the fly visual system. Glial cells in the posterior region of the eye disc epithelium provide an intermediate target for R cell axons as they project from the eye to the brain. In gish mutants, glial cells migrate out of the optic stalk to more anterior regions of the eye disc prior to R cell differentiation, and as a consequence, R cell axons frequently extend anteriorly in gish mutants along the surface of these ectopically located glial cells. gish acts in combination with eye specification genes, ey and so, and the extracellular signaling protein Hh to control glial cell migration. As these genes, including gish, also regulate neuronal development in the eye disc, we propose that they define a signaling center in the posterior region of the eye disc which controls both neurogenesis and glial cell migration to ensure normal patterns of R cell axon outgrowth (Figure 8) .
A Signal from the Posterior Eye Disc Prevents Precocious Glial Cell Migration
Through genetic mosaic analysis and transgene rescue experiments, we established that gish acts within the eye disc epithelium to inhibit glial cell migration. In principle, gish could regulate the production of a repellent preventing migration of glial cells out of the optic stalk, an attractant that promotes their close association to the posterior edge or alternatively an antagonist to an attractive signal produced by cells in the disc.
Gish belongs to the casein kinase I family of highly conserved and widely expressed enzymes (Gross and Anderson, 1998). These enzymes contain small but varied amino termini and large, highly diverse carboxyterminal domains. Gish is most similar to mammalian CKI␥3. CKI␥3, like gish, is alternatively spliced which can result in kinases with different biochemical properties and functions (Zhang et al., 1996) . CKIs act on pro- reduced in gish mutants. These data suggest that gish acts upstream of (or in parallel to) hh. Although genetic evidence suggests that the gish mutants studied here are strong loss-of-function alleles, as low levels of gish mRNA can still be detected in homozygous gish 1 larvae, the epistatic relationship between gish and hh must be qualified. Indeed, Gish may function downstream from Hh and limiting levels of activity in loss-of-function alleles may be compensated by increasing the level of 
